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Reacceleration of charged dark matter
M. Kachelrieß and J. Tjemsland
Institutt for fysikk, NTNU, Trondheim, Norway
Abstract. Charged particles scattering on moving inhomogenities of the magnetised interstellar
medium as can gain energy through the process of second-order Fermi acceleration. This energy gain
depletes in turn the magnetic wave spectrum around the resonance wave-vector k ∼ 1/RL, where RL is
the Larmor radius of the charged particle. This energy transfer can prohibit the cascading of magnetic
turbulence to smaller scales, leading to a drop in the diffusion coefficient and allowing the efficient
exchange of charged dark matter particles in the disk and the halo. As a result, terrestial limits from
direct detection experiments apply to charged dark matter. Together with the no-observation of a
drop in the diffusion coefficient, this excludes charged dark matter for 103 GeV . m/q . 1011 GeV,
even if the charged dark matter abundance is only a small part of the total relic abundance.
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1 Introduction
There is overwhelming evidence for the presence of a non-baryonic component in the matter budget
of the Universe through its gravitational effects. If this component consists of particle having only
gravitational interactions, there would be little hope for their detection. Therefore it is commonly
assumed that they participate in part of the gauge interactions of the standard model (SM). In order
to keep the particles dark and collisionless, typically the weak interaction is chosen as coupling to the
SM particles. However, no new weakly interacting particles have been detected yet, despite of intense
searches. As a consequence, the interest in alternatives has been growing. One option is the case
of millicharged dark matter (DM), where the DM particle has a small, but non-zero electric charge
qe e, thereby providing a coupling via the photon to the SM particles [1]. The smallness of q could
be explained, e.g., by the kinetic mixing of the dark photon of an extra U(1) symmetry with the SM
photon [2–6]. Alternatively, DM with charges of order one could form heavy bound states [7].
The case of millicharged DM has obtained increased attention lately following the reported
discrepancy between predictions for the 21 cm absorption line induced by early stars and observations
by the EDGES collaboration [8]. It has been suggested that this anomaly is caused by the cooling
of baryons at redshift z ' 17 in baryon-dark matter interactions with a massless mediator [9]. Dark
matter with a tiny electric charge q would be a natural candidate for such a new cooling agent.
Unfortunately, a scenario where the EDGES observations are explained by millicharged DM that
explains all the observed DM abundance is inconsistent with bounds from the cosmic microwave
background [10]. Therefore, DM theories in which there is a sub-dominant charged component, such
as theories including a completely hidden sector have attracted attention, see e.g. Refs. [11–13] for
recent examples and Refs. [14, 15] for reviews.
Cosmological observations and direct detection experiments put strong constraints on the possible
mass-to-charge ratios of DM [16, 17]. However, Chuzhoy and Kolb [18] claimed in 2009 that the
direct detection constraints on charged DM are invalid in a wide range of m/q values: They argued
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that the regular1 Galactic magnetic field (GMF) in the disk prevents charged DM particles with
m/q . 1011 GeV from entering the plane from the halo. Taking in turn into account the acceleration
of charged DM particles in the disk by shock fronts of supernova remnants and the subsequent loss of
energetic DM particles into the halo, they argued that charged DM with 105q2 . m/GeV . 1011q is
expelled from the disk and evades thereby the bounds from terrestrial direct DM searches. This range
was later reduced to m/q . 109 GeV in Ref. [19] by taking into account the effect of the turbulent
magnetic field and the non-homogeneity of the background field. The most recent and careful study
treating charged DM as diffusive cosmic rays has been preformed in Ref. [20]. In this analysis, it was
found that there is a substantial amount of charged DM present in the Galactic disk today, some of
which have recently been accelerated. This was used to set strong constraints on the possible (m, q)
parameters.
In this work, we consider a generic DM particle with mass m and charge qe. As any electrically
charged particle, charged DM will scatter on the inhomogeneities of the turbulent GMF. These in-
homogeneities are moving with typical velocities of tens of km/s with respect to the Galaxy, either
because static turbulence is advected alongside the plasma or because the turbulence consists of trav-
elling Alfvn waves. Both cases lead to second-order Fermi acceleration of charged particles including
charged DM. The energy gained by the charged DM depletes in turn the magnetic wave spectrum
around the resonance wave-vector kres ∼ 1/RL, where RL is the Larmor radius of the charged DM
particle. If this energy drain is larger than the power injected into the turbulent GMF at the injection
wave-number kmin, the cascading of magnetic turbulence from kmin to larger wave-numbers is stopped
at kres. In this case, all fluctuations in the inertial range above kres are missing. As a result, charged
DM from the halo can enter the disk and the limits from direct DM searches can be applied. Together
with the no-observation of a drop in the diffusion coefficient, this excludes charged DM for a wide
range of masses and charges.
2 Alfvn waves and diffusion
2.1 Diffusion equations
The propagation of charged particles through the magnetized interstellar medium (ISM) filling the
Milky Way can be described phenomenologically as a combination of diffusion and advection using
a Fokker-Planck equation [21, 22]: The scattering of charged particles on the inhomogeneities of the
turbulent GMF leads to diffusion terms in the evolution equation for the phase space density f(x,p)
of the charged DM particle,
∂f
∂t
= Q+∇(D(p)∇f) + 1
4pip2
∂
∂p
(
4pip2Dpp(p)
∂f
∂p
)
+ . . . . (2.1)
Here, D and Dpp parametrise diffusion in position and momentum space, respectively, while Q is
a source term and p = |p| the momentum of the charged DM particle. Moreover, we assumed for
simplicity that the diffusion is isotropic, i.e. we replaced the diffusion tensor Dij(p) by the scalar
diffusion coefficient D(p). Additionally, charged particles are advected with the plasma.
Alfvn waves are solutions of the MHD equations which propagate approximately parallel to the
magnetic field lines with the Alfvn velocity2 vA = B0/
√
4piρ ' 30 km/s, where ρ is the density of
the plasma and B0 the strength of the magnetic background field. Charged particles are dynamically
coupled to the ISM via the self-generation of, and the scattering on, Alfvn waves. Thus, the usual
“test-particle” approach, where charged particles propagate in a prescribed static background (or
given diffusion coefficients D and Dpp in the diffusion picture) is in general not valid. Instead, one
must check if their back-reaction on the turbulent magnetic field at scales comparable to their Larmor
radius is negligible.
1Note that Liouville’s theorem implies that the intensity of charged DM is constant along a trajectory in the magnetic
field. Thus a shielding effect analogue to the geomagnetic cutoff would require, e.g., a dipole component of the GMF.
2We use Gaussian units and set c = 1.
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The rate at which energy is transferred between Alfvn waves and charged particles is given by3
Γgrowth =
16pi2
3
p4vA
kWk(t)B20
(
vnˆ ·∇f − pi
2
mΩ0vAkWk(t)
∂f
∂p
)
, (2.2)
where Ω = qeB0/m is the cyclotron frequency of a particle with mass m and charge qe, v its velocity,
and Wk denotes the spectral density of turbulent field modes with wave-vector k [23]. This interaction
proceeds resonantly, such that k equals kres ' Ω/vµ with µ = cosϑ as the cosine of the pitch angle [24].
We normalise the spectral density of turbulent field modes Wk such that ηB ≡ δB2/B20 =
∫
dkW (k),
where ηB denotes the ratio of the energy density in the turbulent and the regular magnetic field.
Sources of this turbulence are the mechanical “stirring” of the plasma and the generation of Alfvn
waves by charged particles. In the former case, stellar winds, supernova shocks and the differential
rotation of the Milky Way inject energy into the ISM on scales of tens of parsecs, which then cascades
down to smaller scales through the formation of smaller and smaller eddies. This energy cascade in
the inertial range can be modelled as a diffusion process in k space [25],
∂Wk(t)
∂t
=
∂
∂k
(
Dkk
∂Wk(t)
∂k
)
− Γgrowth(k, t)Wk(t) + qW , (2.3)
with the diffusion coefficient [26]
Dkk = CKvAk
α1Wk(t)
α2 (2.4)
and CK ' 0.052 [27]. The injection occurs via the source term qW ∝ δ(k−2pi/Lmax) at the outer scale
Lmax ' 100 pc. The parameters αi are chosen as α1 = 7/2 and α2 = 1/2 such that the power-law
spectrum
W (k) = W0
(
k
kmin
)−s
, s =
α1 − 1
α2 + 1
, W0 = (s− 1)LmaxηB , (2.5)
obtained as steady-state solution for Γex = 0 is a Kolmogorov spectrum. The wave-number kmin =
2pi/Lmax is determined by the injection scale Lmax of the turbulence.
Equations (2.1) and (2.3) form a set of coupled differential equations that must be solved itera-
tively in order to compute the time evolution of both the phase-space density f of charged DM and
the spectrum Wk of magnetic field fluctuations.
2.2 Resonance condition
Since the interaction (2.2) between charged particles and Alfvn waves proceeds resonantly, we have
to check that the resonant wave-vector kres of the charged DM particle is contained in the inertial
range [kmin : kmax] of the turbulent cascade. Here, kmax = 2pi/Lmin is given by the dissipation scale
where the turbulent energy is converted into heat. While observations show that fluctuations extend
down at least to 109 cm [28, 29], it is theoretically expected that the dissipation scale corresponds to
the proton or even electron Larmor radius [30, 31]. For concreteness, we will use in the following the
proton Larmor radius as the dissipation scale.
The resonant wave-number for the momentum p = γmv is [24]
kres =
Ωm
p
1
µ± vA/v ≥
Ωm
p
1
1± vA/v . (2.6)
We first check that the condition kres < kmax is satisfied. Using that the maximum wave-number
is limited by the proton cyclotron frequency, kmax ' Ωp/vA, the momentum that can resonate with
Alfvn waves must satisfy
p & mvA
(qmp
m
∓ 1
)
(2.7)
in the non-relativistic case, p = γmv ≈ mv. In the for us interesting limit m/q  mp, this reduces4
to p & mvA. Since the virial velocity of the DM, vvir ∼ 300 km/s, is much larger than the Alfvn
velocity, the majority of the charged DM particles fulfills this condition.
3We assume that the forward and backward scattering rates are the same.
4The choice of sign means that the charged DM can resonate only with one of the two polarisation states of the
Alfvn waves.
– 3 –
Next we examine when the condition kres > kmin is satisfied. Setting for simplicity µ = 1, it is
kres = Ω/v = 1/RL with RL = γmv/qeB0 as the Larmor radius. Thus, requiring
RL ' 1.08× 10−3 pc
(
vvir
300 km/s
)(
B0
1µG
)−1(
m/q
106 GeV
)
. Lmax (2.8)
with Lmax = 100 pc gives the constraint
m/q . 1011 GeV. (2.9)
2.3 Diffusion coefficients
The diffusion coefficients can be written as
D =
1
3
v2
ν+ + ν−
and Dpp =
4
3
γ2m2v2v2A
ν+ν−
ν+ + ν−
, (2.10)
where ν± = ΩkW (k)/γ are the collision frequencies of the forward and backward propagating Alfvn
waves at the resonance kres, and γ is the Lorentz facor of the charged particle [23]. Assuming again that
the forward and backwards rates are equal and inserting the expression (2.5) for the wave spectrum,
the diffusion coefficients can be rewritten as
D =
vLmax
3
[ηB(s− 1)]−1
(
RL
Lmax
)2−s
and Dpp =
1
3
γ2m2v2ALmaxηB(s− 1)
(
RL
Lmax
)s−2
,
(2.11)
where s = (α1 − 1)/(α2 + 1) = 5/3. Choosing then ηBLmax ' 1 pc, this framework is consistent with
the commonly used parametrisation D = D0v(p/m)
δ with δ = 2− s and
D0 = 3× 1028 cm
2
s
[(
m/q
106 GeV
)(
B
1µG
)−1]2−s
. (2.12)
3 Power taken by millicharged dark matter
The power density required for the reacceleration of cosmic rays is discussed in Ref. [32]. There, it
is found that ' 10% of the power in the cosmic ray proton spectrum comes from reacceleration and
affects mainly the non- and mildly relativistic part of the cosmic ray spectrum. The same process must
occur for charged DM, which means that its effect is potentially important. Following the procedure
in Ref. [32] and using the diffusion coefficients given in section 2.3, we obtain as the reacceleration
power density
PR ≈ 1
9
(4− δ) v
2
A
D0
m
∫ ∞
0
dp 4pip2
( p
m
)1−δ
f(p), (3.1)
where f(p) is the momentum distribution of the particles. For comparison, we will consider protons
with f(p) ∝ (p/m)−γ ,
P protonsR ' 0.56 eV/cm3
v2A
D0,proton
. (3.2)
We consider a standard Maxwellian phase space density for the momentum distribution of the charged
DM particles,
f(p, z) = (2piε2)−3/2 exp
{
− p
2
2ε2
}
n(z), (3.3)
with ε = γmvvir/
√
2 and n(z) = n0 ' 0.3 (GeV/m)/cm3 as the local charged DM density. Thus, we
obtain
PR
P protonsR
= 4× 106
( m
106 GeV
)2/3
q1/3
(
vγ
300 km/s
)1/2(
B
1µG
)1/3
. (3.4)
This means that the power density going into the reacceleration of charged DM is potentially large,
exceeding formally the available power density injected into the turbulent ISM.
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4 Key rates
From the estimate in the previous subsection, it is clear that the reacceleration of charged DM has
the potential of seriously disturbing the ISM. In order to understand the potential consequences, we
have to estimate the relevant time-scales of the problem, which will be discussed in this section. We
will focus on the case where the entire relic density consists of charged DM, but we will comment
on the case of a subdominant component in the next section. A summary of the results is shown in
Fig. 1.
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Figure 1. Various rates as a function of the charge-to-mass ratio of the charged DM.
4.1 Growth rate
In order to estimate the growth rate given in Eq. (2.2), we consider a Maxwellian phase space distri-
bution (3.3). That is, the momentum distribution becomes 4pip2f(p, z) so that the number of particles
in the momentum range (p, p+ dp) is 4pip2f(p, z).
With ∂zf ∼ [n0/H] · [f/n(z)] and choosing H ∼ 3 kpc as the half-height of the confinement
region, the growth rate induced by the spatial gradient is
Γzgrowth =
2.4
yr
(
m/q
106 GeV
)−2/3(
v
300 km/s
)4/3
γ1/3 exp
{
− p
2
p2vir
}
(
B0
1µG
)−4/3(
vA
30 km/s
)( ηB
0.05
)−1(Lmax
50 pc
)2/3(
H
3 kpc
)−1
.
(4.1)
Likewise, using n(z) ∼ n0, the momentum gradient leads to the growth rate
Γpgrowth =
40
yr
(
m/q
106 GeV
)−1
p
pvir
exp
{
− p
2
p2vir
}(
B0
1µG
)−4/3(
vA
30 km/s
)2
. (4.2)
Since we in our picture start without any spatial gradient and the corresponding growth rate Γzgrowth
is small even assuming a large gradient, it can be neglected relative to Γpgrowth. It is apparent from
Fig. 1 that the growth rate is dominant for m/q . 1015 GeV, where it has been evaluated using
p = pvir and the numerical values of the astrophysical parameters given in Eqs. (4.1) and (4.2).
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4.2 Damping, diffusion and advection rates
The relevant rates in the diffusion equations describing the propagation of charged DM particles and
their interaction with the wave spectrum are the damping rate Γdamp ∼ Dkk/k2, the advection rate
Γadv ∼ vadv/H and the diffusion rate Γdiff ∼ 2D/H2. Numerically, we can estimate these rates as
Γdamp =
4× 10−6
yr
(
m/q
106 GeV
)−2/3(
v
300 km/s
)−2/3
γ−2/3
×
(
B0
1µG
)2/3(
Lmax
50 pc
)−1/3 ( ηB
0.05
)1/2( vA
30 km/s
)
, (4.3)
Γdiff =
2× 10−12
yr
(
m/q
106 GeV
)1/3(
v
300 km/s
)4/3
γ−2/3
(
B0
1µG
)−1/3(
H
3 kpc
)−2
, (4.4)
Γadv =
1× 10−8
yr
(
vadv
30 km/s
)(
H
3 kpc
)−2
. (4.5)
Since charged DM is non-relativistic, advection dominates over diffusion except for the largest m/q
values considered in Fig. 1. However, all three rates are well below the growth rate in the range where
the resonance condition is satisfied.
4.3 Thermalisation rate
The thermalisation time scale for a particle with charge q1e, mass m1 and velocity v passing through
a medium consisting of particles with charge q2e, mass m2 and density n is given by
tc =
m1m2v
3
8piq21q
2
2e
4ne ln Λ
, (4.6)
where we use ln Λ ∼ 20 as Gaunt factor [33]. The thermalisation is dominated by the warm ionized
medium which has fractional volume fWIM = 0.15, electron density ne = 0.2 cm
−3 and temperature
8 × 103 K [34]. Since the velocity of the charged DM, vvir ∼ 300 km/s, is smaller than the electron
velocity in the warm ionized medium, ve ∼ 600 km/s, the charged DM will thermalise at a rate
Γtherm =
1
tc
∼ 7× 10
−8
yr
(
m/q2
106 GeV
)−1(
ve
600 km/s
)−3 ( ne
0.2 cm3
)(fWIM
0.15
)
(4.7)
in the thin disk. As visible from Fig. 1, this rate is much smaller than the other relevant rates. In
addition, thermalisation only occurs in the thin Galactic disk, but the charged DM spend most of its
time outside this region. Thus, thermalisation can be neglected in the present work.
4.4 Supernova shock encounter rate
The effects of supernova remnants on charged DM is detailed in Refs. [20, 35]. The expected rate at
which charged DM particles in the Galactic disc will encounter supernova shocks is [20]
ΓSH =
4× 10−8
yr
(
Rmax
40 pc
)3(
Rdisc
15 kpc
)−2(
Hdisc
300 pc
)−1(
ΓSN
0.03 yr−1
)
, (4.8)
This rate is much smaller than the growth rate for m/q . 1015 GeV. Thus, the acceleration of charged
DM by supernova shocks can be neglected.
4.5 Injection rate of turbulence
The turbulence is injected at scales Lmax ∼ 50–100 pc through the source term qW ∝ δ(k−2pi/Lmax).
Without the presence of charged DM, a Kolmogorov spectrum will develop. Thus, the source term
can be found as
qW (k) =
5× 10−11
yr
( ηB
0.05
)3/2( vA
30 km/s
)(
Lmax
50 pc
)−1
δ(k − 2pi/Lmax). (4.9)
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Meanwhile, the rate for the absorption of wave power by charged DM can be estimated as∫ kmax
kmin
dk ΓgrowthW ' −
∫ ∞
γmvA
dp
qeB0
p2c
ΓgrowthW
=
2× 10−4
yr
(
m/q
106 GeV
)−1(
vvir
300 km/s
)2/3
γ2/3
( ηB
0.05
)(Lmax
50 pc
)−2/3(
vA
30 km/s
)2
.
(4.10)
In the second step, we extended the integration region from the resonance up to infinity, which is
admissible since the gradients of f are there strongly peaked. Moreover, we used mvA/pvir ∼ 0.1 to
obtain a numerical value of the resulting Gamma function. According to this simple estimate, the
absorption rate of turbulence is larger than the injection rate for m/q . 1012 GeV, i.e. in all the range
where the resonance condition is satisfied.
5 Time evolution and observable consequences
5.1 Time evolution
In order to better understand the process of cascading and absorption of wave power, we solve the time-
dependent diffusion equations (2.1) and (2.3) using the Crank-Nicholson scheme. As initial condition,
we use the Maxwellian phase space distribution (3.3) with n(z) = n0. From the discussions in the
previous section, we know that the reacceleration is dominant, and we therefore neglect convective
and spatial diffusive terms5 in the diffusion equation (2.1). Likewise, the growth due to the spatial
gradient in Eq. (2.2) is subdominant and can be neglected.
For concreteness, we consider m = 106 GeV and q = 10−3 as an example. Moreover, we
assume first that the charged DM abundance ΩcDM equals the total DM abundance ΩDM, i.e.
fcDM = ΩcDM/ΩDM = 1. In the first row of figure 2, we show how the wave power cascades to
larger wave-numbers and how this affects the phase space density of the charged DM by setting by
hand the growth term Γgrowth in Eq. (2.2) to zero: As the time increases, the turbulence injected
around the scale kmin cascade to larger and larger wave-numbers, forming a Kolmogorov power-
law spectrum, while the phase-space density of charged DM develops an increasing high-energy tail.
Switching on the growth term, however, the turbulent cascade stops at k ∼ qeB0/(pvir × few), as
shown in the second row. Note that in this case the momentum distribution of charged DM does not
change drastically.
For a fully developed Kolmogorov spectrum we know from Eqs. (4.9) and (4.10) that all wave
power is absorbed by the charged DM for f−1cDMm/q . 1012 GeV. For m = 106 GeV and q = 10−3
this transition occurs at fcDM ∼ 5 × 10−4. To visualise the effect of partial absorption, we show in
the third row of Fig. 2 the solution with fcDM = 10
−5. The wave-spectrum W (k) has now a drop at
the resonance momentum, but recovers at larger k. This drop leads via Eq. (2.10) to a corresponding
jump in the diffusion coefficient D(p).
5.2 Observable consequences
Turbulence injected at large scales Lmax ∼ 50–100 pc cascades to smaller wave lengths creating in
the inertial range a power-law spectrum. In the presence of charged DM, however, the wave power
will be absorbed when the cascade reaches kvir ∼ qeB0/pvir. Since the growth rate is for fcDM = 1
much larger than the damping rate, the entire wave energy will be absorbed such that no waves can
cascade above ∼ kvir. Thus, for charged DM with m/q . 1011 GeV the cascading will stop at kvir.
Thus no charged particles with momenta above pvir be able to resonate with Alfvn waves. Effectively,
this would lead to a sudden drop in the diffusion coefficient which is not observed in the cosmic ray
spectra [36]. Similarly, cosmic rays with momenta above pvir would not be isotropised by the GMF, in
contradiction to the very low level of anisotropy observed [36]. Using the absence of anisotropies and
a sudden drop in spectra observed above ∼ 0.1 GeV, one can exclude 103 GeV . m/q . 1011 GeV.
5 These terms can in principle be taken into account by introducing a “leaky-box” loss term f/T and source term
fvir/T .
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Figure 2. Time evolution of the wave power (left column) and the phase space density (right column). In
the first row the growth rate is set to zero, while it is included in the second row. In the third row, the growth
rate is included and fcDM = 10
−5.
Additionally, charged DM is subject to upper limits set by terrestrial direct detection experiments,
since in the absence of resonant Alfvn waves charged DM particles are exchanged freely between the
Galactic disk and halo.
In Fig. 3, we show the upper limit in the (m, q) parameter space for fcDM = 1 . The exclusion
area for Xenon 1T is taken from Ref. [37]. Furthermore, charged DM with m/q2 . 105 GeV would
– 8 –
have collapsed into the disc and is thus excluded [20]. Additional constraints are discussed in, e.g.,
Refs. [17, 20, 38].
Finally, we note that for fcDM < 1 most existing exclusion limits become weaker. In the case
of reacceleration, however, we found that the exclusion is limited by the resonance condition and
holds as long as f−1cDMm/q . 1012 GeV. Allowing for a partial transmission of wave-power to larger
scales can further increase the excluded region in fcDM. For fcDM . 10−6, the acceleration of charged
DM will disturb sits momentum distribution, and the methods to derive exclusion limits for charged
cosmic rays worked out in Ref. [20] might be applied.
Reac
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m [GeV]
10 13
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q
Figure 3. Exclusion plot of charged DM in the mass-charge plane for fcDM = 1. The orange area is excluded
due to the unobserved drastic change in the diffusion coefficient expected due to reacceleration of charged
DM. The Xenon 1T 90% exclusion (blue area) is obtained from Ref. [37], and the exclusion due to possible
collapse into the disc is obtained from Ref. [20].
6 Conclusions
In this work we have shown that the feedback due to second-order Fermi acceleration is an important
effect that must be taken into account when analysing the propagation of charged dark matter. The
growth rate turns out to be dominant at mass to charge ratios m/q . 1015 GeV. As such, the
absorption of Alfvn waves will stop the cascading of wave-power to smaller scales around the Larmor
radius of the charged particles, kres ∼ 1/RL. This will in turn imply a significant and sudden change
in the diffusion coefficient for ordinary cosmic rays at this scale. This unobserved consequence leads
to the excluded region 103 GeV . m/q . 1011 GeV. Even more, this limit remains fixed as long as
the charged dark matter abundance fX = ΩcDM/ΩDM satisfies f
−1
cDMm/q . 1012 GeV.
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